Introduction
Cucumber mosaic virus (CMV) produces different symptoms in various host plants depending on the virus strains (Kaper & Waterworth, 1981) . Chlorosis is one of the symptoms induced by CMV in tobacco that has been extensively investigated (Rao & Francki, 1982; Shintaku, 1991; Shintaku et al., 1992; Takahashi & Ehara, 1993) . By using classical pseudorecombinant analysis, Rao & Francki (1982) partially mapped the determinant for chlorosis induction by the tripartite virus, CMV-M, to RNA 3. The chlorosis-inducing domain on RNA 3 was delimited within the coat protein (CP) gene by a study of molecular recombination between cDNA clones from CMV-M and CMV-Fny, a green-mosaic-inducing strain . Furthermore, on the basis of sequence comparisons, Shintaku (1991) suggested that an amino acid at position 129 in CP might be the determinant for chlorosis. Recently, site-directed mutagenesis in the CP genes of CMV-M and CMV-Fny confirmed that alteration of.the amino acid at position 129 of the CPs * Author for correspondence. Fax +81 45 972 6205. reciprocally changes the phenotype from chlorosis to green mosaic or vice versa on tobacco (Shintaku et al., 1992) . Induction of severe yellow chlorotic spots on tobacco leaves inoculated with CMV-Y, which is known to be a strain inducing chlorosis on tobacco; has been reported to be associated with the amino acid at position 129 and with two nuclear-coded recessive host genes (Takahashi & Ehara, 1993) .
From the symptomatology, suggested that CMV-Y was an isolate similar to Price's no. 6 strain of CMV (CMV-P6) (Price, 1934) ; CMV-M was derived from CMV-P6 during successive culture and was accompanied by loss of aphid transmissibility (Mossop et al., 1976; Mossop & Francki, 1977) . The complete nucleotide sequences of CMV-Y genomic RNAs are known (Nitta et al., 1988; Kataoka et al., 1990a, b) . In our previous report, we demonstrated that both the 3a protein and the CP are involved in virus transport, using infectious transcripts from cDNA clones of RNAs 1, 2 and 3, and that virus assembly is associated with long-distance movement of CMV (Suzuki et al., 1991) . In this study, we further investigated the relationships between the structure of CMV CP and symptom expression. By inoculation of tobacco with various invitro-created RNA 3 mutants derived from CMV-Y and 0001-3042© 1995 SGM an ordinary strain producing green mosaic on tobacco, CMV-O , we showed that the amino acid at position 129 in CP was involved not only in induction of chlorosis, but also in induction of severe veinal necrosis and necrotic local lesions. Mutants with symptoms confined to the inoculated leaves occasionally yielded several types of revertants, which were isolated from the upper tobacco leaves. Sequence analysis of the revertants revealed that symptom expression might be determined through complicated structural modification(s) directed in particular by the amino acids in the vicinity of position 129 in CP. We also discuss the effects of amino acid substitution on accumulation of CP and virus assembly.
Methods
Virus strains and cDNA clones. CMV-O was propagated in tobacco plants (Nicotiana tabacum L. cv. Xanthi nc) and viral RNA was extracted as described previously (Takanami, 1981) . A full-length cDNA clone of CMV-O RNA 3, designated pCO3, was obtained by the same method used for constructing pCY3-T7, a cDNA clone of CMV-Y RNA 3 (Suzuki et al., 1991) . Full-length cDNA clones of CMV-Y RNAs 1 and 2 were described previously (Suzuki et al., 1991) .
Oligonucleotide-direetedmutagenesis. Oligonucleotide-directed mutagenesis as described by Kunkel (1985) was used to alter nucleotide 1644 and/or 1645 of pCY3-T7 and nucleotide 1645 and/or 1646 of pCO3 using mutagenic oligonucleotides ranging from 17 to 20 nucleotides in length. After the entire CP genes were sequenced to verify the presence of the expected mutations, the DNA fragments containing the mutated CP region were subcloned into the original clones.
In vitro transcription and biological assay. Transcripts synthesized in vitro from the mutated cDNA clones of RNA 3 were inoculated onto tobacco plants (N. tabacum cv. Xanthi nc) together with the transcripts from cDNA clones of CMV-Y RNAs 1 and 2 as previously described (Suzuki et al., 1991) . The inoculated plants were maintained in a greenhouse at 25-26 °C, and symptoms were noted about 2 weeks after inoculation.
Protoplast preparation and infection. Protoplasts were prepared from suspension-cultured cells (BY2) of tobacco as described in Watanabe et al. (1987) . Transcript RNAs generated from the mutated clones derived from pCY3-T7 were partially purified and coinoculated with partially purified transcripts from the cDNA clones of CMV-Y RNAs 1 and 2 (Suzuki et al., 1991) . The inoculum contained 2 lag of each transcript. The protoplasts mixed with the inocula were electroporated (effective capacitance 125 laF charged to 300 V with a Bio-Rad Gene Pulser). After incubation for 24 h at 28 °C under continuous illumination with fluorescent lamps, the inoculated protoplasts were stained with fluorescent polyclonal antibody against CMV (Takanami et aL, 1977) .
Analysis of revertant RNA 3. Complementary DNA was synthesized from the total nucleic acid prepared from about 5 mg of CMV-infected tobacco leaves using SuperScript RNase H-reverse transcriptase (GIBCO/BRL) and an oligonucleotide primer complementary to the 3' end of RNA 3 as described in Suzuki et al. (1991) . One-tenth of the cDNA product was then used as a template for PCR. Two oligonucleotide primers used for the construction of pCO3 were added to the reaction to amplify the full-length cDNA of the revertant RNA3s. Twenty-five cycles of amplification were done with the following parameters: denaturation at 93 °C for 1 min, annealing at 45 °C for 1 min, and synthesis at 72 °C for 2'5 min. All the PCR reactions were conducted in 100 lal containing Tris-HC1 pH 8"3, 50 mM-KC1, 2 mM-MgC12, 0.001% (w/v) gelatin, 0.2 mM each dNTP, 1 lag of each primer and 5 units of AmpliTaq DNA polymerase (Takara Shuzo, Japan). The PCR products were extracted with phenolchloroform, and precipitated with ethanol. After digestion with BamHI and NotI, the DNA fragments were cloned into pBluescript II SK(-) (Stratagene). The CP genes in the isolated full-length clones were sequenced by an automated DNA sequencing system, Genesis 2000 (Du Pont), by using synthetic primers dGTCGTAGAATTGAGTCG (from position 1239 to position 1255 of CMV-Y RNA 3), dAGAG-TCTTGTCGCAGCA (from position 1356 to 1372), dGAGTGAA-CGCTGTAAACC (from position 1439 to 1456), dACCTGATTCA-GTCACGG (from position 1535 to 1551), dCCGTGTGGGTGA-CAGTC (from position 1618 to 1634) and dAACTCAGCTCCCGC-CACA (complementary from 1949 to 1966) .
To eliminate the effects of possible spontaneous mutations in the revertant RNA 3s outside the CP coding region, cDNA clones were made by subcloning HindlII-XhoI fragments from the original revertant cDNAs into pCY3-T7. Infectious transcripts from the subcloned cDNA were inoculated together with the transcripts from cDNA clones of CMV-Y RNAs 1 and 2.
Northern blot analysis, immunoblot analysis and electron microscopy.
Total RNAs, which were extracted from the inoculated leaves and from 4 × 105 protoplasts that had been incubated for 24 h, were treated with sample buffer containing formaldehyde and formamide essentially according to Sambrook et al. (1989) . The samples were then electrophoresed on a 1-5% agarose gel containing 0-66 mM-formaldehyde, transferred to a nitrocellulose membrane and hybridized with a 32p-labelled RNA probe complementary to the 380 nucleotides of the 3' region of RNA 3. Total proteins extracted from 3.2 × 105 protoplasts were electrophoresed on a 12.5 % polyacrylamide gel (Laemmli, 1970) , electroblotted to an Immobilon P membrane (Millipore), and probed with alkaline phosphatase-conjugated rabbit antibody against CMV-Y. Blots were developed with alkaline phosphatase substrate (Kit III, Vector Lab. Inc.). The rest of the protoplasts were used for electron microscopy. The protoplasts were homogenized by vigorous pipetting in 15 lal of 0' 1 M-phosphate buffer (pH 7-0) containing 0.05 % Triton X-100. The homogenates were applied to electron microscopy grids, some of which had been pretreated with a 1:2000 dilution of anti-CMV serum. After washing, the grids were negatively stained with 2% aqueous uranyl acetate and examined under a JEOL 1200EX electron microscope. :~ NLL, necrotic local lesions on inoculated leaves.
Results

CP mutants
is the one-letter symbol for the amino acid at position 129 in the original CP, and B is the one-letter symbol for the substituted amino acid. N(AB) was coinoculated with RNA transcripts from full-length cDNA clones of CMV-Y RNAs 1 and 2 onto tobacco plants and protoplasts.
Symptomatology of 03, Y(SP), O(PS), Y(SL) and o(eL)
Tobacco plants inoculated with 03 together with transcripts from cDNA clones of CMV-Y RNAs 1 and 2 showed green mosaic symptoms identical to those Table 1. induced by CMV-O (Fig. 2) . Therefore, RNAs 1 and 2 of CMV-Y seemed to have little effect on induction of chlorosis and green mosaic on tobacco. Y(SP) induced green mosaic symptoms similar to those induced by CMV-O, whereas O(PS) produced chlorosis symptoms identical to those produced by CMV-Y (Fig. 2) . In these experiments, we have successfully altered the phenotype of CMV-Y by using mutated RNA 3 in combination with RNAs 1 and 2 of chlorosis strain. Because position 129 in the CPs of CMV-M and CMV-P6 was reported to be occupied by a Leu (Shintaku, 1991) , the Ser 1~9 of CMV-Y and the Pro 129 of CMV-O were substituted with Leu 129. Interestingly, the mutated RNA 3s, Y(SL) and O(PL), induced necrotic local lesions on the inoculated leaves and caused veinal necrosis on the upper leaves (Fig. 2) . The upper leaves of tobacco infected with Y(SL) and O(PL) often shrank. These symptoms were apparently more severe than chlorosis induced by CMV-Y, CMV-M or CMV-P6.
Symptomatology of Y(SG), Y(SF) and O(PF)
Because the amino acid at position 129 in the CMV CP seemed to bring about profound changes in symptom expression by infected tobacco plants, we introduced amino acids at that location, other than Pro, Ser or Leu, to see how they affected expression. We began with Gly (codon G G C ) and Phe (codon U U U ) . As the smallest a m i n o acid, Gly can affect overall protein structure or folding by adopting more b a c k b o n e c o n f o r m a t i o n s t h a n any other a m i n o acids ( T h o r n t o n , 1992). Phe is the only possible a m i n o acid, other than Pro, that is convertible from the Ser ( U C U ) in C M V -Y and the Leu ( C U U ) in C M V -M by a single nucleotide transition. The tobacco plants inoculated with Y(SG) showed green mosaic symptoms similar to those induced by C M V -O (Fig. 2) . However, all the tobacco plants inoculated with Y(SF) or O(PF) showed necrotic local lesions on the inoculated leaves 4 days after inoculation (Fig. 2) . Most of them showed no symptoms on the upper leaves even 2 weeks after inoculation, and no viral RNA was detected from the symptomless upper leaves by Northern blot analysis (data not shown). However, 20% of the tobacco plants inoculated with Y(SF) expressed systemic symptoms by 2 weeks post-inoculation. Of 65 tobacco plants inoculated with Y(SF), three plants showed green mosaic symptoms which were similar to those of tobacco plants infected with CMV-O, eight plants exhibited chlorosis which was indistinguishable from that induced by CMV-Y, and two plants showed slight vein necrosis. The three types of symptoms were also observed among about 30 % of tobacco plants inoculated with O(PF) (data not shown). (Fig. 3) . Viral RNA accumulation in the protoplasts was examined by Northern blot analysis using a probe which specifically hybridizes to the conserved 3' sequences common to all the three CMV RNA genomes. None of the point mutations introduced in the CP affected accumulation of viral RNAs, as shown in Fig. 4(a) . Immunoblot analysis revealed that accumulation of CPs of Y(SL) and Y(SF) was comparable with that of Y3 and accumulation of CPs of Y(SP) and Y(SG) was a little higher than that of Y3 (Fig. 4 b) . By electron microscopy, however, the numbers of virions in the extracts from the protoplasts inoculated with Y(SF) and Y(SL) were very low. Although we tried several extraction buffers and fixatives to detect Y(SF) and Y(SL) virions, those treatments did not recover virus. On the other hand, Y(SP) and Y(SG), which caused green mosaic symptoms, produced more virions in the protoplasts and higher amount of CP than Y3. The mean 150.8 * Virions were extracted with 0.1 M-phosphate buffer (pH 7.0) containing 0.05 % Triton X-100 and trapped on grids pre-coated with anti-CMV serum.
Accumulation of the mutated RNAs, CPs and virions
I Mean number of five trials.
numbers of virions detected by immunosorbent electron microscopy are shown in Table 2 . These results suggested that the changes of amino acid at position 129 influence the efficiency of assembly of CMV.
Analysis of the revertants of Y(SF)
Tobacco plants Table  3 . The amino acid sequence of the CP of Y(SF)R1 was identical to that of the parental CMV-Y, whereas the other revertants had amino acid substitutions in the vicinity of position 129, although Phe 129 was conserved. All the amino acid substitutions detected were due to single nucleotide changes in the CP genes.
We inserted HindIII-XhoI fragments from the CP genes of the revertants (corresponding to amino acids 103 to 194) into the wild-type CMV-Y background, and found that the transcripts from these cDNA clones did Nitta et al., 1988) Table 3 .
not induce necrotic local lesions on inoculated tobacco leaves. Furthermore, inoculation of the respective transcripts reproduced the systemic symptoms on tobacco plants from which the cDNAs were originated ( Fig. 5 and Table 3 ). In the revertant-infected tobacco leaves, virions accumulated to almost the same level as those of wild-type CMV-Y (data not shown).
Discussion
In this report we demonstrated that chlorosis induction by CMV-Y was determined by a Ser at position 129 of the CP. Similarly, Shintaku et al. (1992) succeeded in alteration of the phenotype of CMV-Fny from green mosaic to chlorosis by substitution of the Pro 1~9 with a Ser. In the case of two other chlorosis-inducing strains, CMV-M and CMV-P6, position 129 in their CPs was reported to be occupied by a Leu (Shintaku, 1991) . yielded deduced amino acid sequences for the region from 108 to 161 ; these sequences were identical to those of CMV-M and CMV-P6. The amino acid at position 158 in CMV-O was initially reported to be a Phe (Hayakawa et al., 1989) , and later shown to be a Ser (Takahashi & Ehara, 1993) . Our culture of CMV-O also had a Ser at this position. Therefore, this led to the conclusion that induction of chlorosis and necrosis may be controlled by the interaction of Leu 1~9 with amino acid(s) outside the region from 108 to 161. The Phe a29 mutants, Y(SF) and O(PF), produced necrotic local lesions and failed to move systemically, while Y(SG) infected systemically and induced green mosaic symptoms similar to those of CMV-O and Y(SP). Few virions of the necrogenic mutants, Y(SL) and Y(SF), were observed in the infected protoplasts, although considerable amounts of both R N A and CP accumulated. It is reported that both functional 3a protein and virus assembly are required for systemic movement of CMV (Suzuki et al., 1991) . Thus, it is plausible that the absence of systemic movement of Y(SF) can be ascribed to a failure in virus assembly. We still need to examine the detailed nature of systemic movement of Y(SL) which also has poor virus assembly ability.
A computer-assisted analysis of the secondary structure of CMV CP suggested that Pro 129 disrupts a predicted fl-sheet region in CP (Shintaku et al., 1992) . Chou & Fasman (1978) stated that Pro, Ser and Gly often distort the fl-sheet and reside in the turn regions, but the probability that Leu or Phe appear in the turn regions is low. Therefore, substitution of the amino acid at position 129 with a Leu or a Phe may affect folding of CP and subsequently inhibit virus assembly.
Interestingly, immunofluorescence was observed as aggregates in the protoplasts inoculated with Y(SL) and Y(SF) although few virions were detected by electron microscopy. If the virions form large aggregates, correct enumeration of virions may be difficult by electron microscopy. However, we could not observe anyaggregated virions of Y(SL) and Y(SF). We tried several extraction buffers and fixatives to detect virions of Y(SF) and Y(SL); those treatments did not alter the recovery of virus, suggesting that immunofluorescence observed in the protoplasts inoculated with Y(SL) and Y(SF) was due to aggregated CP molecules rather than virions. Induction of necrotic symptoms may be due to inefficient viral assembly that results in aggregated CP molecules in infected protoplasts. If so, aggregated CP molecules of CMV may elicit the necrogenic reaction in the host plant cells, but at this stage we have no direct evidence.
The Phe 129 mutants, Y(SF) and O(PF), produced necrotic local lesions on the inoculated leaves yet could not infect systemically. We obtained five revertants from Y(SF). Y(SF)R1 CP was identical to CMV-Y. Two individual isolates, Y(SF)R2 and Y(SF)R3, were eventually found to have identical nucleotide sequences; both induced chlorosis. In those isolates, an Ala (GCC) at position 147 was substituted with a Ser (UCC) by a single nucleotide transversion, while the Phe that was introduced earlier at position 129 was unchanged. The other two revertants that we analysed were Y(SF)R4 and Y(SF)R5; the former was shown to have a secondary mutation at amino acid position 144 from an Ala (GC_G) to a Glu (GAG), thereby inducing green mosaic, and the latter had a mutation at position 138 from an Ala (GCC) to an Asp (GAC) with mosaic symptoms which were accompanied by slight vein necrosis. Both revertants maintained the original Phe 1~9 mutation. These results showed that the effects of Phe 129 were negated by the single additional amino acid substitutions so that the ability to induce systemic symptoms was regained. An interesting feature common to all the additional substitutions was that a hydrophobic amino acid (Ala) was exchanged for less hydrophobic (Ser) or hydrophilic (Glu or Asp) amino acids. Hydrophobicity and/or electrostatic charge in a particular region of CP may also affect virus assembly and symptom expression, especially necrosis induction.
In conclusion, symptom induction in tobacco may be associated with the tertiary structure of the whole CP molecule in addition to the local secondary structure surrounding amino acid 129 as proposed by Shintaku et al. (1992) . Our extensive analysis of the revertants derived from Y(SF) showed that a secondary mutation in one or other of the amino acids in the vicinity of position 129 amended the effect of Phe 1~9 on the biochemical characteristics of the virions; the virus could escape from the confinement inside of the necrotic local lesions. We also demonstrated that the poor particle formation of the CP mutants might trigger expression of necrosis.
